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A process of the decay of the anomalously low lying nuclear isomer 229mTh(3/2+, 8.28± 0.17 eV)
in the Thorium anion (Th−) via the internal conversion (IC) channel is studied. We show that the
half life of the nuclear isomer in the 6d33/27s
2
1/2 ground state and in the 6d
2
3/27s
2
1/27p
1
1/2 excited state
of Th− is ≈ 1.5 and ≈ 1.1 times bigger than in the 6d23/27s
2
1/2 ground state of the Th atom. The
IC probabilities in the anion decreases despite the decay via the additional 6d3/2 or 7p1/2 electrons.
This counterintuitive result is a consequence: a) of a decrease in the amplitudes of the 6d3/2 and
7s1/2 wave functions near the nucleus due to an increase in their diffuseness of upon the addition
of extra electron, b) of mutual compensation in the IC probability due to a kinematic factor, which
depends on the energy of the conversion electron in the continuum as E
−1/2
c , and the E
1/4
c growth
of the amplitudes of the electron wave functions.
PACS numbers: 23.20.Nx, 21.10.Tg, 27.90.+b
I. INTRODUCTION
The 229Th nucleus has a unique low-lying isomeric
state 229mTh(3/2+, Eis = 8.28 ± 0.17 eV) [1]. The dra-
matic and controversial story of the experimental stud-
ies of this state — the discovering of the level [2–12],
the measuring its energy [1–3, 13–17], magnetic and
quadrupole moments [18], charge radius [19], and half-
life [15, 16] is still far from complete. Increasing the ac-
curacy of the measurements is important for the creation
of ultra precise clock at the nuclear transition of the op-
tical range [20–23], which in turn can be used to study
the relative effects of the variation of the fine structure
constant and the strong interaction parameter [24–26].
Investigations of this nuclear state are important for the
design the laser at the nuclear transition [27, 28], to con-
trol the isomeric level γ decay via boundary conditions
[29], to detect the decay of the ground state sublevel of
the nucleus into the isomeric state sublevel in the muonic
atom 229Th [30], to check the exponentiality of the decay
law of at long times [31] and others.
We know now five possible decay channels of the
229mTh isomer — four processes where the electron shell
is involved, and the alpha decay. It is natural to sys-
tematize the first four channels in the framework of the
perturbation theory for the quantum electrodynamics us-
ing the order of relevant Feynman diagrams [32].
In the first order of the perturbation theory, this is the
process of the emission of a photon by the nucleus, which
∗Electronic address: tkalya˙e@lebedev.ru
for low-energy nuclear levels is practically unobservable.
However, the photon observation is possible if the 229mTh
isomer is put in the dielectrics with a large band gap,
where the thorium atom becomes effectively “ionized”
by the chemical environment. For the first time, this
possibility was indicated in [33, 34].
Internal conversion (IC) is a second-order process. IC
is the main decay channel of the isomer 229mTh on the
valence shells of the ground state of the Th atom [35],
on the excited atomic states of Th [35, 36], and on the
Rydberg states [37]. Experimentally, IC was observed in
Refs. [15, 16, 38]. Another second-order process, namely,
the decay of the 229mTh isomer during inelastic scattering
by metal conduction electrons, was considered in [8]. The
nuclear excitation by electron transition (NEET) [39] is
also of the second order process. A detailed theory of
NEET is given in [40, 41]. This process can play an
important role as an integral part of the electron bridge.
Electron bridge, a third-order process suggested in [42],
was considered for the decay and excitation of 229mTh in
Refs. [35, 43, 44]. Later, this process was thoroughly
studied theoretically (see in [45–51]), and there are high
hopes for the effective excitation of the 229Th nuclei in
ion traps.
The α decay of 229mTh considered in [52, 53] is an
important decay channel. The detection of this process
or accompanying bremsstrahlung [54] could be the most
reliable proof of both the existence of the 229mTh isomer
and its excitation by the laser radiation [46].
In this paper, we investigate the decay of 229mTh in the
thorium anion, Th−. Anions are negative ions created
when an atom gains one or more electrons. Particularly
often the anions are formed from the chemical elements
2in the groups 17 and 16 of the Periodic table (F−, O2−
and so on). These elements lack, respectively, one or two
electrons with respect to the complete electronic configu-
ration of a noble gas. However, anions of the other chem-
ical elements can be formed in various physicochemical
processes, too. Laser plasma is a well-studied univer-
sal source of the negative ions [55]. The laser ablation
method allows one to get the anions of any chemical el-
ement in the Periodic table. In the laser plasma, anions
are produced at a certain stage of the expansion dur-
ing cooling of the plasma bunch after the end of the laser
pulse. Typical values of the negative ion currents are tens
to hundreds of microamperes. In Ref. [56], the Th− an-
ions were produced via the pulsed Nd:Y-Al-garnet laser
ablation of a thorium metal disk. Further, the anions
were accumulated and cooled via buffer gas cooling in
the ion trap. After that, anions were photodetached by a
tunable dye laser and the outgoing photoelectrons were
detected.
It turned out that Th− is a stable system with the ion-
ization potential of about 0.6 eV [56, 57]. It has at least
a couple of levels connected by a strong electric dipole
transition suitable for laser cooling [56]. Since the cooled
ions in traps manipulated by laser and the laser ablation
(which produces plasma contained as well as positive and
negatively charged ions), as a method of loading the ion
trap, are currently considered as a promising system for
studying of 229mTh, the knowledge of the decay channels
and the lifetime of the 229mTh isomer in anions can be
very useful for future experimental research.
II. INTERNAL CONVERSION IN TH
−
Until recently, the 6d23/27s
2
1/27p
1
1/2
4G◦5/2 state with
the binding energy of 0.368 eV was considered as the
ground state of the thorium anion [57]. However, as has
been shown in [56], 6d23/27s
2
1/27p
1
1/2
4G◦5/2 is an excited
state, and the true ground state of Th− is the configura-
tion 6d33/27s
2
1/2
4F3/2 with the binding energy of 0.6 eV.
In addition, there are several strong electric dipole tran-
sitions between the bound levels arising from configu-
rations 6d33/27s
2
1/2 and 6d
2
3/27s
2
1/27p
1
1/2. These conclu-
sions have been reached on the basis of measurements
of the ionization potential for the Thorium anion, and
large-scale numerical multiconfiguration Dirac-Hartree-
Fock calculations [56, 58].
In the following, we present the analysis of the internal
conversion, which uses the bound state wave functions
obtained in Ref. [56]: the 6d23/27s
2
1/2 wave function for the
ground state of the Thorium atom (Th), the 6d23/27s
2
1/2
wave function for the ground state of the anion (Th−),
and the 6d23/27s
2
1/27p
1
1/2 wave function for the anion ex-
cited state (Th−
∗
). Thus, we are able to compare the
internal conversion coefficients (ICC) for the Th atom
and anions, obtained within the same approach. This is
important because different codes can give significantly
different results when one calculates ICC from valence
shells at ultra-low energy nuclear transition (see below
Table IV).
The internal conversion coefficients per one electron for
the E(M)L nuclear transition with the energy ωN = Eis
were calculated using the formulas
αE/ML =
ωN
m
E +m
p
L
L+ 1
∑
f
(
C
jf1/2
ji1/2L0
)2
|M
E/ML
if |
2,(1)
where m is the mass of the electron, E and p are the
energy and momentum of the conversion electron satis-
fying the condition E2 = m2 + p2 (the system of units
is ~ = c = 1), j is the total angular momentum of the
electron, C
jf 1/2
ji1/2L0
is the Clebsch-Gordan coefficient. The
electron matrix elements in Eq. (1) are
MELif =
∫
∞
0
h
(1)
L (ωNaBx)[gi(x)gf (x) + fi(x)ff (x)]x
2dx,
MMLif =
κi + κf
L
∫
∞
0
h
(1)
L (ωNaBx)[gi(x)ff (x)+
fi(x)gf (x)]x
2dx.
(2)
Here x = r/aB, aB is the Bohr radius, h
(1)
L (ωNaBx) is
the Hankel function of the first kind [59], κ = l(l + 1) −
j(j + 1)− 1/4, where l is the orbital angular momentum
of the electron.
One can use the well-known representation for the
Clebsch-Gordan coefficient through the 6j symbol [60]
(
C
jf1/2
ji1/2L0
)2
= (2li+1)(2jf+1)
(
C
lf0
li0L0
)2{ li 1/2 ji
jf L lf
}2
(3)
in order for the selection rules for the parity and the or-
bital angular momentum in Eq. (1) to be satisfied auto-
matically. In this case, the li → l
′
i = 2ji− li substitution
should be made in Eq. (3) for the magnetic type nuclear
transitions.
In the case we are considering here, the nuclear tran-
sition energy is small and the following conditions are
fulfilled: Eb < ωN ≪ 1/aB, where Eb is the electron
binding energy in the initial state. Therefore, Eqs. (1–2)
take the form
αE/ML = e
2
√
2m
ωN − Eb
[(2L− 1)!!]2
(ωNaB)2L+1
L
L+ 1∑
f
(
C
jf1/2
ji1/2L0
)2
|m
E/ML
if |
2, (4)
where the new electron matrix elements are
m
EL
if =
∫
∞
0
[gi(x)gf (x) + fi(x)ff (x)]x
2−L−1dx,
m
ML
if =
κi + κf
L
∫
∞
0
[gi(x)ff (x) + fi(x)gf (x)]x
2−L−1dx.
(5)
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Figure 1: Wave functions of the 7s1/2 and 6d3/2 electron
states in the Th atom and Thorium anion in the ground and
excited states: (a) and (c) — the large gi(x) components, (b)
and (d) — the small fi(x) components of the Dirac bispinor.
The energy of the nonrelativistic conversion electron
in the continuum is Ec = mv
2/2 = ωN − Eb, where v is
the electron speed. Thus, the factor
√
2m/(ωN − Eb) in
Eq. 4 is equal to 2/v. We will see below that this fac-
tor significantly “increases” the internal conversion coeffi-
cient in the Th atom (whose valence shells have a binding
energy of about 6–7 eV), because it compensates for the
small amplitudes of the electronic wave functions in the
continuum.
The matrix elements (2) and (5) were calculated by
numerical integration. We used the wave functions from
the work [56] for the initial states, and the wave functions
of the continuum for the final state.
The wave functions of the initial state are shown partly
in Fig. 1 (these regions give main contributions to the
electronic matrix elements). Extra electron contributes
to an additional nuclear screening for other valence elec-
trons. As a result, the electron shell becomes more dif-
fuse. This is clearly seen in Fig. 2 — the average orbital
radius of the 6d3/2 and 7s1/2 states increases when an
electron is added to the 7p1/2 and 6d3/2 states of the
Thorium atom. (Note also, in the 6d23/27s
2
/27p
1
1/2 an-
ion excited state, the average radii 〈6d3/2|x|6d3/2〉 and
〈7s1/2|x|7s1/2〉 are smaller than the corresponding radii
in the 6d33/27s
2
1/2 ground state. It can be easily ex-
plained — the 7p1/2 shell shields the nuclear charge less
effective than the 6d3/2 shell because 〈7p1/2|x|7p1/2〉 >
〈6d3/2|x|6d3/2〉, Fig. 2.)
As a result of the indicated “swelling”, on the one
hand, and the conservation of the normalization volume
of the wave functions, on the other hand, the amplitudes
of the 7s1/2 and 6d3/2 wave functions decrease in the
region near the nucleus, Fig. 1.
The wave functions of the continuum spectrum are the
numerical solutions of the Dirac equations with the elec-
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 Figure 2: Averaged radii of the 7p1/2, 7s1/2 and 6d3/2 orbitals
in various electron configurations.
tron energies E > m (E ≈ Ec +m)
g′(x) +
1 + κ
x
g(x)−
1
e2
(
E
m
+ 1−
V (x)
m
)
f(x) = 0,
f ′(x) +
1− κ
x
f(x) +
1
e2
(
E
m
− 1−
V (x)
m
)
g(x) = 0,
(6)
normalized at x → ∞ with the condition gf (x) =
sin(paBx + ϕlj)/x, where ϕlj is a phase. In Eq. (6),
e is the electron charge.
As an example, two wave functions of the final state
are shown in Fig. 3 for the IC transitions 7s1/2 → S1/2
and 6d3/2 → D1/2. The energies of conversion electrons
are: Ec(S1/2) = 1.79 eV and Ec(D3/2) = 1.03 eV for
IC in the Th atom, Ec(S1/2) = 6.68 eV and Ec(D3/2) =
7.65 eV for IC in the Th anion in the ground state, and
Ec(S1/2) = 5.63 eV and Ec(D3/2) = 5.47 eV for IC in the
Th anion in the excited state. The solutions gf (x) (and
ff(x)) of Eq. (6) reliably reach the asymptotic behavior
xgf (x) = Const × sin(paBx) at x ≈ 300 in the Th
+
potential (for IC in the Th atom) and at x ≈ 30 in the
potential of the Th atom (for IC in Th− and Th−
∗
).
Further, the obtained wave functions gf (x) and ff (x)
are renormalized by dividing by the constant “Const”.
The potential energy V (x) of the electron in Eq. 6 is
V (x) = Vnucl(x) + Vshell(x), where Vshell(x) is the poten-
tial energy of the electron in the shell electron poten-
tial, and Vnucl(x) is the potential energy of electron in
potential of the unscreened nucleus. That is, the posi-
tive charge, Z, has been uniformly distributed within a
sphere of the radius xR0 = R0/aB (R0 = 1.2A
1/3 fm is
the radius of the nucleus with the atomic number A):
Vnucl(x) = −E0(Z/2xR0)[3 − (x/xR0 )
2] for 0 ≤ x ≤ xR0 ,
and Vnucl(x) = −E0Z/x for x ≥ xR0 where E0 = me
4 is
the atomic unit of energy.
The electron shell potential has been found by solving
the Poisson equation with the given electron density. The
electron density in the Th+ ion and in the Th atom for
the IC calculations in the Th atom and in the Th− anion
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Figure 3: Wave functions of the S1/2 and D3/2 electron states
in the continuum after IC on the 7s1/2 and 6d3/2 electron
states in Th, Th− and Th−
∗
: (a) and (c) — the large gf (x)
components, (b) and (d) — the small ff (x) components of
the Dirac bispinor.
respectively has been obtained within the DFT theory
[61, 62] through the self-consistent procedure taking into
account the exchange and correlation effects. Moreover,
for the internal conversion in the neutral Th atom we con-
sider two various electron densities for Th+, correspond-
ing to the 6d23/27s
1
1/2 and 6d
1
3/27s
2
1/2 configurations.
III. RESULTS AND DISCUSSION
Calculated internal conversion coefficients are pre-
sented in Table I. We estimated the half-life of the 229mTh
isomer in the anion for the two sets of reduced nu-
clear probabilities given in Table II. The first set (see
in Ref. [63]) was obtained with Alaga rules from the
available experimental data [64–67] for the M1 and E2
transitions between the rotation bands 3/2+[631] and
5/2+[633] in the 229Th nucleus [31, 63]). The second
set (taken from Ref. [68]) is based on a detailed com-
puter calculation using modern concepts of nuclear in-
teractions. The corresponding probabilities of radiative
transitions in the 229Th nucleus from the isomeric to the
ground state are also given in Table II.
With data presented in Tables I and II we calculate the
half-life T1/2 of the isomer
229mTh in the atom and anion.
The results are summarized in Table III. They must be
treated with some caution. The accuracy of calculating
the IIC is relatively small for the nuclear transitions with
ultralow energies (see below in Table IV). This is mainly
due to the accuracy of the calculation of the wave func-
tions of valence states and their binding energies. That is
why we have calculated the internal conversion probabil-
ities not only for the thorium anion, but also for the tho-
rium atom. Since the calculations have been performed
in a unified approach, we consider these results as reliable
Table I: Internal conversion coefficients per one electron for
nuclear transition with the energy ωN = 8.27 eV for the Tho-
rium atom in the 6d23/27s
2
1/2 ground state (Th), for the Tho-
rium anion in the 6d33/27s
2
1/2 ground state (Th
−) and in the
6d23/27s
2
1/27p
1
1/2 excited state (Th
−
∗
). (The binding energies
on the shells are given in parentheses).
Th 7s1/2(-6.49 eV) 6d3/2(-7.25 eV)
αM1 7.93× 10
8 2.31× 106
αE2 1.06 × 10
15 4.80 × 1015
Th− 7s1/2(-1.60 eV) 6d3/2(-0.63 eV)
αM1 5.40× 10
8 1.45× 106
αE2 6.59 × 10
14 3.08 × 1015
Th−
∗
7s1/2(-2.65 eV) 6d3/2(-2.81 eV) 7p1/2(-0.61 eV)
αM1 6.76× 10
8 1.21× 106 3.37 × 107
αE2 6.85 × 10
14 2.76 × 1015 5.44× 1016
Table II: Reduced matrix elements (BW.u.) of the
3/2+[631](8.27 eV) → 5/2+[633](0.0) nuclear transition in
the 229Th nucleus and corresponding radiation widths (Γrad).
Set Mult. BW.u. Γ
rad (eV)
1 M1 3.1× 10−2 3.65 × 10−19
E2 11.7 3.06 × 10−29
2 M1 0.76× 10−2 8.94 × 10−20
E2 27 7.05 × 10−29
for the description of relative changes in the conversion
probabilities and half-lives of 229mTh in going from atom
to anion.
As can be seen from Table III, the lifetime of the iso-
mer in the 6d33/27s
2
1/2 ground state of the anion is approx-
imately 1.4–1.5 times longer than the isomer lifetime in
the atom. For the Thorium anion in the 6d23/27s
2
1/27p
1
1/2
excited state this excess is insignificant, only ≈10%.
This result at first glance looks counterintuitive. First,
the internal conversion proceeds on four valence electrons
in the thorium atom, and on five valence electrons in the
anion. Second – less obvious – reason is that the electron
matrix elements in the anion are larger than in the Th
atom (see in Fig. 4). (Note that the latter effect is non-
trivial, since, as we have seen, the WF amplitudes of the
bound 6d3/2 and 7s1/2 states decrease upon transition
Table III: 229mTh isomer half life (in s) in the Th atom and
in the Thorium anion in the ground (Th−) and in the excited
(Th−
∗
) states.
Set Th Th− Th−
∗
1 T1/2 7.86× 10
−7 1.15 × 10−6 8.98× 10−7
T1/2/T
Th
1/2 1 1.47 1.14
2 T1/2 3.19× 10
−6 4.67 × 10−6 3.55× 10−6
T1/2/T
Th
1/2 1 1.47 1.11
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 Figure 4: Matrix Elements Eq. (5) for the main IC transitions.
(Matrix elements for theM1 6d3/2 -D3/2 electronic transitions
are given in the units of 10−1.)
from the Th atom to the thorium anion. The matrix el-
ements growth in Fig. 4 is explained by a faster increase
in the amplitudes of the electron wave functions in the
continuous spectrum with an increase of its energy (see in
Fig. 3). Due to diffusion of the electron shell, the bind-
ing energies of the electrons in the Thorium anion are
smaller than in the atom, and the kinetic energy of the
conversion electrons in the continuum is greater. In the
nonrelativistic case, the amplitudes of the Coulomb wave
functions (see in [59]) in the continuum increase with the
energy of the conversion electron as E
1/4
c , i.e. signifi-
cantly faster than the decrease of the amplitudes of the
wave functions in the discrete spectrum. This explains
somewhat unexpected form of the plots in Fig. 4.)
There is also a third factor that places an important
role in the process. This is the kinetic energy of the con-
version electron in the denominator in Eq. (4). It gives
the factor 1/v in the expression for the IC probability
and increases it near the threshold of the Th atom. In
the thorium anion, this factor is 2-3 times smaller. And
such a decrease turns out to be the most significant rea-
son, which compensates for the increase in amplitudes of
the electron wave functions in the continuum, and leads
to a decrease in the IC probability of the anion in both
the ground and excited states.
It is necessary to emphasize one more feature of the
internal conversion in the anion. According to Fig. 2,
〈6d3/2|x|6d3/2〉 is the largest in the ground state of the
anion. Nevertheless, the partial internal conversion co-
efficients on the 6d3/2 shell in Th
− exceed ICC in Th−
∗
(see Table I). This is caused by the lack of the cancella-
tion of two effects: the E
1/4
c increase in the amplitudes
of WF of the conversion electron in the continuum and
the decrease of the factor 1/v for the electron promoted
Table IV: Total IC coefficients for the 7s1/2 and 6d3/2 shells
of the Th atom obtained by different codes for the two values
of the isomeric level energy: Eis = 8.28 eV, and 7.8 eV. (In
the parentheses, there are the binding energies on the shells.)
This 7s1/2(-6.49 eV) 6d3/2(-7.25 eV)
work Eis = 8.28 eV Eis = 7.8 eV 8.28 eV 7.8 eV
αM1 1.6 × 10
9 4.6 × 106
αE2 2.1× 10
15 9.6× 1015
Ref. [69] 7s1/2(no data) 6d3/2(no data)
Eis = 8.28 eV Eis = 7.8 eV 8.28 eV 7.8 eV
αM1 1.1× 10
9 2.0 × 106
αE2 4.8× 10
15 4.3× 1015
Ref. [63] 7s1/2(-5.20 eV) 6d3/2(-4.20 eV)
code[70] Eis = 8.28 eV Eis = 7.8 eV 8.28 eV 7.8 eV
αM1 1.6 × 10
9 1.9× 109 4.1 × 106 4.9 × 106
αE2 2.1× 10
15 2.8× 1015 9.4× 1015 1.3× 1016
Ref. [71] 7s1/2(-5.62 eV) 6d3/2(-6.10 eV)
code[72] Eis = 8.28 eV Eis = 7.8 eV 8.28 eV 7.8 eV
αM1 0.96 × 10
9 1.1× 109 2.8 × 106 3.3 × 106
αE2 1.2× 10
15 1.6× 1015 6.0× 1015 8.0× 1015
during IC from the 6d3/2 shell of Th
−. We recall that we
use the energies for the bound states of the electron or-
bitals from Ref. [56], where the multi-configuration elec-
tron terms were taken into account. In this case, the
binding energies of the terms shift up or down, while the
radial wave function remains the same. As a result, one
gets the indicated inconsistency between the amplitude
of the radial wave function and the binding energy of the
orbital. Note that this effect practically does not affect
the main results of the work.
In conclusion, it will be useful to compare the total IC
coefficients for the 7s1/2 and 6d3/2 shells of the Th atom
obtained in different works and using different codes. The
relevant data are given in Table IV. We see that on av-
erage all the data correspond to each other with the ac-
curacy of the factor of two. This is sufficient for pre-
liminary estimates of the isomer lifetime and planning of
experiments. For more delicate effects, it is necessary to
perform calculations within the same code.
IV. CONCLUSION
In the paper, for the first time, we have studied the
decay of the low lying isomer 3/2+(8.28 ± 0.17 eV) of
the 229Th nucleus in the Thorium anion. It has been
found that the half life of the isomer in the 6d33/27s
2
1/2
ground state of the anion is approximately 40-50% above
the value in the 6d23/27s
2
1/2 ground state of the Th atom
and ≈10% larger in comparison with the 6d23/27s
2
1/27p
1
1/2
excited state of the anion. The IC decay probability is
correspondingly reduced, despite “extra” fifth electron
6involved in the internal conversion process. The reason
is as follows. Extra electron contributes to an additional
nuclear screening for other valence electrons. As a result,
the valence electron shells become more diffuse and am-
plitudes of the 6d3/2 and 7s1/2 wave functions near the
nucleus decrease. Following the amplitudes, the proba-
bility of the internal conversion decreases too.
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